The cytochrome pattern as well as the amount o f cytochromes were dependent on growth conditions.
Introduction
It was recently proposed to separate the genus Ectothiorhodospira from the C h ro m atiaceae and form the new fam ily E ctothiorhodospiraceae w ith the only genus Ectothiorhodospira com prising ex trem ely halophilic species (e.g., E. halophila) and m oderate halophilic species such as E. shaposhni kovii [1, 2] . Sim ilar to the C hrom atiaceae, E ctothio rhodospira species are able to use reduced su lfu r com pounds, e.g., sulfide or thiosulfate as p h o to synthetic electron donors b u t deposit elem ental sulfur during sulfide oxidation outside the cells [3] . D uring this process these sulfur co m pounds are oxidized anaerobically and electron carriers such as iron sulfur proteins or cytochrom es function as redox m ediators [4] , E lectron transfer proteins o f members o f the C hrom atiaceae have been described from Chromatium vinosum [5 -9 ] , C. warmingii [10, 11] , Thiocapsa pfennigii [12] and T. roseopersicina [13] [14] [15] . In contrast, o u r know ledge ab o u t electron carrier proteins in Ectothiorhodospira species is quite fragm entary. M eyer [16] rep o rted the presence o f a cytochrom e c-551 in the h alo p h ilic species E. halochloris, E. abdelm alekii and E. halophila (the latter contains also two H IPIPs and a cytochrom e c') which possibly acts as a sulfide: acceptor oxidoreductase in E. abdelm alekii [17] . A ccording to Meyer [16] the m o d erate halo p h ile E. vacuo lata contains two HIPIPs, cytochrom e c ', cytochrom e b' and a cytochrom e c5-like protein. In the related E. shaposhnikovii two H IPIPs and a bacterial type ferredoxin could be id en tified [18] .
In the following we rep o rt about the cytochrom es o f E. shaposhnikovii, th e ir occurrence u n d er varying growth conditions and som e o f th eir properties.
Materials and Methods
Ectothiorhodospira shaposhnikovii D SM 234 was grown photomixotrophically as previously described [18] and photoheterotrophically w ith o u t reduced sulfur com pounds in a m edium containing in 1 1: 30 g NaCl, 1 g N H 4C1, 1 g K H 2P 0 4, 0.1 g M gC l2 x 6 H20 , 0.05 g CaCl2 x 2 H 20 , 1 g yeast extract, 3 g N a-acetate, 3 g N a-m alate and 1 ml trace ele m ent solution " SLA" [19] , P rio r to autoclaving pH was adjusted to 8.7.
Redox determ inations w ere carried o u t according to Steinmetz and Fischer [20] . T he follow ing redox m ediators were added: 50 (am 1,2-naphthoquinone, 50 |iM benzoquinone, 50 |im d ia m in o d u ren e (cyto chrom e c-553(549)); 5.25 mM 2-m ethyl-3-phytyl-1,4-naphthoquinone, 5 0 |iM duroquinone, 50 jim phenazine m ethosulfate, 0.5 mM F eC l3 (cytochrom e c')\ 100 (iM anthraquinone-1,5-disulfonate, 100 ^m anthraquinone-2-sulfonate, 100 (im l-O H -l,4 -n a p h th o q u inone, 100 |iM glutathione and 100 hm lipoic acid (cytochrom e 6-558).
If not otherw ise indicated all stan d ard m eth o d s (purification of proteins, sp ectro p h o to m etric d e te r m inations and other m olecular pro p erties) w ere carried out as described by K usche and T rü p e r [18] . Ectothiorhodospira shaposhnikovii w ere highly p u ri fied. Fig. 1 shows a detailed p urification schem e for these three proteins. F or the detection o f m e m brane-bound electron transfer proteins the 100000 x g sedim ent was suspended in 50 m M T ris-H C l, pH 7.8, containing 1% T riton X-100 and gently stirred for 3 0 m in at 30 °C. This suspension was centrifugated again at 100000 x g for 3 h. The red-brow n su p e r natant obtained was desalted (G -25), adsorbed on a DEAE-52 cellulose (equilibrated in 2 m M T ris-H C l, pH 7.8), washed w ith 40 m M N aC l in 40 m M TrisHCl, pH 7.8, and eluted w ith a continuous N aC l gradient. Besides m inor quantities o f the above m entioned c-type cytochrom es and two H IPIPs a small fraction o f a cytochrom e c-553 was obtain ed .
Results

Purification and yields o f cytochromes
C ytochrom e c-552.5 was solubilized from chrom atophores by a procedure covering repeated aceto n e: m ethanol (7:2, v/v) extraction, T riton X-100 tre a t m ent and (N H 4)2S 0 4 fractionation according to W erm ter and Fischer [10] . Table I shows the yields o f cytochrom es and high potential iron sulfur proteins o btained from cells o f E. shaposhnikovii grown in the presence and absence o f sulfide and thiosulfate in the m edium . C y to chrom e 6-558 was only present in cells grow n photom ixotrophically w ith the above m entioned su lfu r com pounds in the m edium . In contrast, cytochrom e c-553 could only be detected in p h o to h etero trophically grown cells (c f M aterials and M ethods). The occurrence o f cytochrom e c-552.5 was in d e p e n dent of growth conditions, w hereas the yields o f cytochrom e c-553(549), cytochrom e c' and b oth HIPIPs were up to 4.5-tim es low er w hen reduced sulfur com pounds were not available. Fig. 4 shows the typical spectrum o f the d ith io n ite reduced cyto chrom e c' after five-m inutes treatm en t w ith CO revealing a distinct increase o f the S oret-band w hich shifted to 419 nm. O nly a slight red u ctio n o f absorbancy could be registered after keeping the cuvette in the dark for tw elve hours. A fter exposure to light how ever the d isin teg ratio n o f the hem e-C Ocom plex could be recorded w ithin a few hours.
Purity and spectral properties
Cytochrom e c-553 was eluted from the DEAE-52 cellulose colum n in the oxidized form. Its ab so rp tion spectra (Fig. 5) are ch aracterized by m axim a at 553 nm, 524 nm and 417 nm in th e reduced form and at 409 nm in the oxidized state. Q uite unusual is the fact that the reduced y-band show ed no higher absorbancy than the oxidized one. F u rth e r m ore it cannot be excluded th at m em b ran e b o u n d cytochrome c-553 contained a flavin m oiety (see bleaching between 460 nm and 490 nm in the spec trum of the reduced protein). To fu rth e r clarify these two observations, investigations w ith a p u r i fied preparation of this protein will be necessary. The difference spectrum (reduced-m inus-oxidized) of m em brane-bound cytochrom e c-552.5 showed m axim a at 552.5 nm, 523 nm and 428 nm (Fig. 6) .
Cytochrome b-558 has absorption m a x im a at 424.5 nm, 526.5 nm and 557.5 nm in the reduced form and at 416 nm in the oxidized state (Fig. 7) . The best purity index obtained was 0.26 (^280/^424.5)-The hem e-m oiety o f the protein could be extracted into methyl-ethyl-ketone and show ed a m ax im u m at 556.5 nm in alkaline pyridine (according to Bartsch no flavin m oiety and ii) th a t cytochrom e c' was not an oligomer. Even after boiling cytochrom e c ' for 30 m in in 1% SDS, no subunits o f th e p ro tein could be detected.
WAVELENGTH (nm)
The isoelectric points o f th e hem e proteinsestim ated by flat bed electrofocusing -were found at pH 5.1 for cytochrom e c-553(549), at pH 4.5 for cytochrom e c' and at pH 4.1 for cytochrom e 6-558.
Redox potentials
The m idpoint o x id atio n -red u ctio n potentials at pH 7.0 were + 2 4 8 m V for cytochrom e c-553(549), + 37 mV for cytochrom e c' and -2 1 0 m V for cyto chrom e 6-558. R edox titratio n s w ere perfo rm ed w ith 17 nmol o f cytochrom e c-553(549), 12 nm ol o f cytochrom e c' and 15 nm ol o f cytochrom e 6-558. The ferricyanide titra tio n curves w ere identical w ith theoretical values (calculated by the N ernst e q u a tion for a one-electron-transfer {n = 1) and the cor responding redox potentials (/To)), indicating th at each protein m olecule h ad only one hem e group.
Discussion
In addition to the iron sulfur proteins previously described by Kusche and T rü p er [18] the p u rp le sulfur bacterium Ectothiorhodospira shaposhnikovii contains four c-type cytochrom es: cytochrom e c-553(549) -w hich resem bles /-ty p e cytochrom es high spin cytochrom e c ' and m em brane-associated cytochrom es c-553 and c-552.5. A dditionally the organism contains at least one 6-type cytochrom e. Besides this cytochrom e 6-558 w hich could be clearly identified there were sp ectrophotom etrical hints for the existence o f a high spin cytochrom e b '.
In contrast to high spin cytochrom es c \ w hich have been found in m any p h o to tro p h ic p u rp le bacteria [23] , high potential cytochrom e c-553 w ith a distinct shoulder in the a-band has been found only in Chromatium vinosum [6] , Thiocapsa pfennigii [12] and Rhodopseudomonas gelatinosa [24] . R ecently M eyer [16] reported that E. vacuo lata contains a "cytochrom e c5-like pro tein " w hich m ay be sim ilar to cytochrom e c-553(549) we found in E. shaposh nikovii. C om pared w ith the corresponding p ro tein o f C. vinosum (Table II) , cytochrom e c-553(549) o f E. shaposhnikovii is less acidic (pi = 5 .1 ) and has a lower redox potential (Emj = -I-248 mV). All o th er properties, such as purity index and m olecular w eight are in good accordance. C ytochrom e c-553(549) was present in E. shaposhnikovii w h eth er the culture m edium contained a reduced sulfur com pound or not. The protein was found only in low concentrations (cf. T able I). These two findings agree w ith the results o f Cusanovich and Bartsch [6] , w ho found only low am ounts o f cytochrom e c-553(550) in C. vinosum u nder both p h o to au totrophic and photoheterotrophic conditions. T hus it seems unlikely th at cytochrom e c-553(549) p a rtic ipates in the anaerobic o x id atio n o f reduced su lfu r com pounds.
Together w ith two high potential iron sulfur proteins [18] cytochrom e c' is one o f the m ajo r electron transfer proteins o f E. shaposhnikovii. It could be obtained from the soluble fraction as well as from the chrom atophores o f cells grow n in the presence and absence o f reduced su lfu r co m pounds (Table I ). The yields, how ever, were ab o u t 4.5-tim es lower w hen cells w ere grow n w ith o u t oxidizable sulfur in the m edium . C ytochrom e c' was isolated in the oxidized state in d icatin g a fairly low redox potential. W ith an E m l o f + 3 7 m V , it is in the range o f oth er high spin cytochrom es c' th a t have been shown to possess redox p otentials b e tween -10 mV and + 160 mV. Its m olecular w eight o f 33 500 (estim ated by gel filtratio n th ro u g h Sephadex G-75) and o f 33 000 (by SD S -P A G E ), is com parably high (T able II). O th er cytochrom es c' so far known have been isolated as dim ers w ith m olecular weights o f up to 37000 b u t d isin teg rate into m onom ers w ith m o lecu lar w eights betw een 12000 and 14000 upon trea tm e n t w ith SDS. It is possible th at cytochrom e c' o f E. shaposhnikovii also consists o f subunits, b u t this seem s unlikely as the protein even w ithstood boiling for 30 m in in th e presence o f 1% SDS.
Besides the described electron tran sfer proteins, we were able to o b tain a sm all fraction o f cyto chrom e c-553 by d etergent treatm en t o f ch ro m a to phores from cells grow n w ith o u t red u ced su lfu r Table II a Cusanovich and Bartsch [6] . b Data taken from Bartsch [24] . Molecular weights were estimated by polyacrylamide gel electrophoresis with SDS (P), molecular sieve size deter mination (S), amino acid composition (A).
source. This protein of w hich only ab so rp tio n spectra could be recorded, had y-bands (409 nm ox.; 417 nm red.) of equal absorbancy. T his m ay be due to possible dam aging during treatm en t w ith T rito n X-100. The absorption spectrum o f o xidized cy to chrom e c-553 shows a shoulder betw een 490 nm and 460 nm which is bleached out com pletely in the dithionite reduced spectrum . This indicates th a t the protein possibly contains a flavin m oiety. As far as we know, flavocytochrom es have been d escribed for two mem bers o f the C hrom atiaceae. T rü p e r and Rogers [13] found flavin and a o ty p e cytochro m e as constituents of the A PS -reductase o f T. roseopersicina. Flavocytochrom e c-552 o f C. vinosum possesses sulfide: cytochrom e-c-reductase activity [25, 15] and catalyzes the reduction o f elem ental sulfur to sulfide in the presence o f a su itab le elec tron donor [26] . In contrast, it is unlikely th a t m e m brane bound cytochrom e c-553 o f E. shaposhnikovii has sim ilar properties, because this p ro tein was present only in cells grow n in the absence o f a reduced sulfur com pound. The expression o f m e m b ran e-b o u n d cytochro m e c-552.5 in E. shaposhnikovii did not d ep e n d on growth conditions. Because o f this and its close attachm ent to the chrom atophores, it m ay p a rtic ipate in cyclic electron transport. P ottosin and co workers [27] reported that a c-type cytochrom e w ith an E m.7 o f + 290 mV was a com ponent o f the p h o to synthetic reaction center o f the sam e organism . F urther studies will have to show w h eth er these tw o proteins are identical.
The occurrence of a cytochrom e 6-558 in E. sha poshnikovii was unexpected. F o r a long tim e, these protohem e IX containing cytochrom es w ere th o u g h t to occur only in m em bers o f the Rhodospirillaceae but not in purple and green sulfur b acteria [28, 29] . First evidence for the existence o f a 6-type cy to chrom e in Chlorobium limicola and C h i thiosulfatophilum was given by Fowler [30] and shortly a fte r wards by K naff and Buchanan [31] w ho d escrib ed chrom atophore-associated 6-type cytochrom es from Chromatium and Chlorobium and postu lated th e participation of cytochrom e 6 in sulfide o x id atio n . In contrast to these hem oproteins, cytochrom e 6-558 o f E. shaposhnikovii was soluble or only loosely attached to the m em branes. Its low redox p o ten tial o f -210 mV and absorption chracteristics are sim ilar to the corresponding pro tein o f Rhodospirillum rubrum (Table II) w hereas its m o lecu lar weight (15 800) is m uch low er than those o f o th e r 6-type cytochromes. C urrently, only little is know n about the possible functions o f cytochrom es 6, except that they may function as electron donors in nitrate reducing organism s [32] . In Thiobacillus thiooxidans cytochrom e 6 seems to be involved in the oxidation o f sulfide to sulfate [33] . T he fact th a t cytochrom e 6-558 was only found in cells o f E. shaposhnikovii grown in the presence o f red u ced sulfur m ight indicate a possible p articip a tio n in sulfur m etabolism which we are currently in v es tigating.
